Abstract-In this article we study the effects of participation in a hypothetical rotational energy market alongside the dayahead and primary frequency reserve markets on medium-term hydropower scheduling. Participants in the rotational energy market, where the hydropower unit operates in synchronous condenser mode, are remunerated for provision of rotational energy that does not alter production.
Abstract-In this article we study the effects of participation in a hypothetical rotational energy market alongside the dayahead and primary frequency reserve markets on medium-term hydropower scheduling. Participants in the rotational energy market, where the hydropower unit operates in synchronous condenser mode, are remunerated for provision of rotational energy that does not alter production.
Stochastic medium-term hydropower scheduling models are usually based on optimization techniques which require Linear Programming (LP) problems to ensure computational tractability. This imposes simplifications on the problem formulation, such as operating states which typically have a binary nature. Utilizing a strategy obtained by Stochastic Dual Dynamic Programming (SDDP) in a simulator model based on Mixed Integer Programming (MIP), yields a detailed system description and practical computation time.
For the given case study, it was found that rotational energy provision has a small effect on medium-term hydropower scheduling, due to the short time period of critically low inertia. If was also found that the necessary price to cover the investment cost, associated with rotational energy provision, was at a level that caused interference with the optimal production strategy. However, increasing the price in certain time steps and decreasing it in others is likely to mitigate this problem. Binary state of rotational energy provision.
Utki
Binary state of power station.
I. INTRODUCTION
In the EU there are ambitious targets for increasing the renewable electricity generation, especially wind and solar power. In order to facilitate this large scale integration of renewable energies, a set of mechanisms has to be established. By improving the transmission capacity in the power system, by coupling of regions through HVDC cables, synergies can be exploited, reducing the need for dispatchable thermal generation in the regions, and subsequently the CO 2 -emissions. A challenge is however that the renewable power generation varies a lot depending on weather conditions and do not easily provide the grid with inertia [1], compromising the stability of the grid. It is therefore crucial to ensure sufficient capacity and energy reserves, and system inertia to secure stability in the power grid.
Especially during summer months, it is expected that low dispatchable generation and a significant import of cheap renewable energy from the continent will reduce the system inertia in the Nordic region. This provides an incentive for the Transmisstion System Operator (TSO) to either invest in equipment, such as flywheels, or remunerate power producers, for the provision of inertia to the power system. This provision of inertia would, however, impose a cost on the hydropower producer which should be analyzed.
A market for inertia is already under development in Ireland, where Synchronous Inertial Response (SIR) has been approved as a new service [2] . The service is only approved in principle and not yet implemented, but it still emphasizes the importance of a sufficient amount of inertia in a power system.
The main objective of this work is to study the effects of participation in several markets, including a rotational energy market, on hydropower scheduling using a combined SDDP and simulator approach. The SDDP Model will incorporate provision of inertia and balancing reserves to the system and generate a strategy, represented by the expected future profit function, that is used in the detailed Simulator Model. A case study on a Norwegian hydropower system will be conducted with focus on evaluating the cost of providing ancillary services. The novel contribution of the work will henceforth be to present a method for evaluating the cost of providing inertia, which could provide decision support, especially in a future market with large amounts of variable renewable generation and HVDC interconnectors.
A. Inertia in the power system
System inertia is defined as the ability of a power system to oppose changes in the system frequency due to resistance provided by rotating masses [3] . Following a power imbalance, the system inertia determines the initial rate of change in the frequency. Hence, system inertia is important to the stability of the grid. Traditionally, a large share of the demand in the Nordic power system has been covered by large rotating machines supplying a base load. Wind power and imported power through HYDC cables do not contribute to the system inertia with current technology. As the share of unpredictable renewable power sources and use of HVDC cables increases, there is a rising concern that the system inertia will become inadequate [4] .
There is currently no system requirement for the amount of rotational energy in the Nordic power system. Such a system requirement may be derived from keeping the frequency within its transient limit should a dimensioning fault occur. In [5] a limit of 90 GWs was suggested while the current limit recommended by the Norwegian TSO, Statnett, is 100 GWs.
B. Methods for ensuring sufficient system inertia
In consideration to the future stability of the power grid, there are different ways to procure a sufficient amount of rotational energy [5] . This section will discuss strategies that ensure the rotational energy to be above a system requirement.
1) Reducing the dimensioning fault:
In [3] , it was found that the maximum frequency deviation has a linear relation to the power imbalance and rotational energy of the system. By reducing the potential power imbalance, i.e. the dimensioning fault, at times with low system inertia, the required rotational energy of the system would be reduced. In practice, this entails replacing the largest active power infeedJoutfeed with smaller units.
2) Existing market solutions: The rotational energy requirement can be met by employing existing market solutions to increase the amount of synchronous generators in the system.
As of today only rotating machines participate in the primary reserve market [5] . Hence, the primary reserves system requirement will ensure a certain amount of rotational energy in the system. Increasing the primary reserve requirement will increase the number of rotating synchronous generators and the amount of rotational energy. The system inertia can also be increased by introducing a criteria for the number of activated bids, when clearing the primary reserves market. This allows the TSO to ensure that a certain amount of synchronous generators will be connected to the grid.
By participation in the market for Tertiary Control Reserve (TCR), power stations which contribute with little or no rotational energy may be regulated down and be replaced by upward regulation of power stations with a more substantial contribution of rotational energy.
In [5] , it is concluded that considering costs and difficulty of implementation, the market for TCR is the best way of ensuring sufficient amounts of rotational energy using existing market solutions.
3) New market designs: A new market design will provide producers with incentives to provide rotational energy in a cost efficient manner through investments and technological improvements. A challenge is however that such a market may affect the existing power markets and provide a competitive advantage based on the production type and technology of certain power producers.
In [5] several different rotational market designs are discussed. This paper will focus on a market design cleared after the day-ahead market, which is only active at times with critically low system inertia. The clearing of the day-ahead market can be used by the TSO to estimate the rotational energy in the system. Should the estimate fall below the system requirement, the TSO can activate the rotational energy market. It is stressed that, as the TSO will have an almost perfectly inelastic demand for this service, participants will have strong incentives to exploit potential market power. To avoid this, a sufficient number of market participants or close monitoring of the market will be necessary.
A key discussion is whether all providers of rotational energy should be remunerated. This depends on the volume of rotational energy needed and the number of power producers able to provide inertia without altering their production. Remunerating all parties supplying the grid with inertia reduces the risk of rotating power plants shutting down, should low prices in the intraday market, due to unexpected renewable power, occur. This will however result in an energy ineffective production mix, using storable water instead of instantaneous wind or solar power. Additionally, the total cost for the TSO will be high as synchronous generators already cleared in the day-ahead market are unnecessarily remunerated.
An alternative is to only remunerate the providers of the rotational energy needed to meet the system requirement, excluding rotational energy provision from synchronous generation. This market design requires participants to be able to provide rotational energy without altering their production. The design is considerably more cost efficient as it remunerates fewer participants. However, a high remuneration provides incentives for power producers to speculate in refraining from day-ahead market participation at times they believe that the rotational energy market will be activated. Should a producer follow this strategy with several hydropower plants, the system inertia may drop below the system requirement as a direct result of the speculation. This shows one of the potential flaws of this market design, with exploitation of market power. Hydropower producers may also downward regulate plants in the intraday market, in order to participate in the rotational energy market. It is however assumed that the income from the day-ahead market will be dominating, marginalizing this problem.
C. Synchronous Condenser (SC) mode of operation
A rotating SC is a synchronous machine that operates without any load or prime mover. SCs can inject or absorb reactive power, and have traditionally been used to improve voltage conditions. From the 1980s, power electronics were preferred due to lower investment and maintenance costs. In recent years, attention has been brought to two other attributes of rotating SCs; they provide inertia and counteract faults related to the commutating of rectifiers when placed near HVDC cable connections [6] . This substantially increases their utility in the power system. In 2008 a rotating SC was installed in Feda, a substation south in Norway. In relation to system inertia, the investment costs are estimated to 40100 kNOKIMWs/year [7] .
By equipping a hydropower plant with a compressor, water may be pumped out of the turbine chamber. This would allow the turbine to idle, acting as a Sc. Several costs are associated with SC mode of operation. These include, but are not limited to, higher maintenance costs due to an increased number of operational hours and technical components, operation of compressors and cooling system and power consumption due to friction. If the cooling system uses water that could potentially be used for production, there is a cost associated with the resulting lost income as well. In [7] , the investment cost was estimated to 10-20 kNOKlMWs.
Considering investment in SC mode of operation of hydropower plants the hydropower producer would require a remuneration for supplying the service. In the presented work we study the impacts of SC mode of operation on hydropower scheduling and evaluate what the required remuneration should be.
II. METHODOLOGY
In this chapter, the combined SDDP and Simulator Model will be described. A similar model was described in detail in [8] . The SDDP Model used is also well documented in [9] .
The model's objective is to maximize income by selling energy in the day-ahead market, capacity in the weekly primary reserves market and rotational energy to a hypothetical rotational energy market.
A. SDDP Model
The SDDP Model is based on an extended version of the combined SDP/SDDP algorithm presented in [10], solving a hydropower scheduling problem for each time stage of the model period. The following is a general formulation of the one-stage problem:
The problem maximizes current and future income, subject to the state and decision variables Xt and Ut, as well as realizations of the stochastic parameter Wt. State variables include reservoir level, turbine states, normalized inflow and inertia provision, while decision variables are generation and provision of capacity and rotating reserves.
The current income is given by Lt, a function consisting of income from market participation and costs and penalties. The reservoir balance is included in (2), along with a linearized model of the start-up of power stations, described in [11] . Matrices A, B, C and D describe the hydrological connections of the system. (3) includes the energy balance, capacity balance and rotational energy balance. Matrices E and F are comprised of factors coupling discharge to energy and SC operation to rotational energy. Variations in head will affect the energy-discharge relation. However, as it may lead to nonconvex problems and greatly increases model complexity, this characteristic is not included in the model. (4) models limits on operational states such as start/stop and rotational energy provision. H and I describe the coupling between current and previous states and Ct includes the limit values. (7) consists of cuts which describe the expected future income function.
Capacity allocation is in the form of symmetrical spinning capacity. Hence, a power station must be generating to sell capacity and the amount of capacity sold must be available for both upward and downward regulation. The maximum capacity allocation possible is given by the droop setting in the turbine governor. Capacity sold must be available for certain time steps of the capacity delivery period, specific to the capacity market.
Hydropower units can be modelled with the ability to provide rotational energy without generating power. As mentioned, (4) models this feature as well as costs associated with the start-up of, and transitions between, generation and rotational energy provision.
The inflow is modelled by historical inflow data and a linear stochastic model of normalized inflows, obtained with a first stage auto-regressive model. A detailed derivation can be found in [12] .
To ensure problem convexity the spot price is modelled as discrete values represented by a set of price points with transition probabilities between time-stages, generated from a Markov process. A more detailed explanation is given in [10] .
Both the capacity reserve and rotational energy markets are modelled as deterministic price series.
The various market prices for a time stage is known at the beginning of that time stage, clearing all markets simultaneously. This provides the optimization process in a given time stage with more information than what is actually available and provides the hydropower producer with the opportunity to perfectly speculate when the rotational energy market will be open. Altering the one-stage problem to allow simultaneous rotational energy provision and generation provides a strategy which refrains the hydropower producer from speculation. This requires some modification of the results, to remove impossible operational states.
B. Simulator Model
The Simulator Model utilizes the strategy obtained from the SDDP Model and applies a more detailed description of the system when solving the problem, adding cuts from the SDDP Model at the end of each time stage. It is modelled as a Mixed Integer Programming (MIP) problem, accommodating integer and binary variables. This allows it to capture the binary nature of a power station's state, which is vital for a realistic rotational energy strategy. The one-stage problem formulation of the Simulator Model is similar to that of the SDDP Model, with some changes due to the enhanced system description.
1) Hydropower unit:
As the Simulator Model is no longer bound by the convex requirement as in SDDP, the Simulator Model includes a detailed modelling of the non-convex powerdischarge function. This also enables a minimum generation level constraint for the hydropower units. Previous studies have shown that this has a large impact when dealing with capacity markets [8] .
2) State transitions: There are costs associated with the transitioning between standstill, generation and rotational energy provision. The cost of shutting down either generation or rotational energy provision is included in the start-up costs. The transitions are modelled by the following equations: Reservoirs are shown with their storage capacity in percent of the total system. In the modelled system representation, reservoirs and power stations are shown with its associated unit number. Units 2 and 3 share the same power station. 
Vi,Vk Vi,Vk Vi,Vk 3) Provision of rotational energy: The provision of rotational energy is modelled by the following constraints:
Investment analysis parameters are shown in Table II . The required yearly income is calculated using the net present value method and setting the NPV to zero, with an analysis period of 40 years and a discount rate of 3.76%, calculated as the sum of the current risk-free real interest rate, set equal to Norwegian 3-year governnIent bonds, and a risk premium, set by the Norwegian Ministry of Finance. 
III. CASE STUDY
Eq. (11) limits simultaneous generation and rotational energy provision and is removed if it is allowed. Eq. (12) couples the power station's operating states to the delivery to the rotational energy market.
4) System constraints:
System constraints limiting simultaneous bypass and generation of power stations with bypass connectivity, and the operation of power stations connected to more than one reservoir are also included in the model.
A. Case Study 1) Hydro system:
The hydro system used in the model is shown in Fig. 1 . The dashed lines in the physical model representation show the planned hydrological connections of power station 2, which is currently under construction.
2) SC operation: A decision has been made to invest in SC mode of operation of the power station shared by units 2 and 3, making them capable of supplying rotational energy without generating. Associated parameters to the operation are shown in Table I .
3) Markets and market prices:
The day-ahead market used is the Nord Pool Spot Elspot market. The price series used are obtained from the fundamental market model, EMPS [13] . A price profile, from historical Elspot prices from week 5 in 2014 to week 4 in 2016, is used to resemble price differentiations within weeks. Sales of capacity are to the weekly Frequency Containment Reserves -Normal (FCR-N) market, operated by Statnett.
The rotational energy market is assumed to be open only in time periods where the rotational energy in the system falls below a system requirement. With a system requirement for rotational energy of 100 GWs the future system inertia is expected to be too low during the night of week 31, based on an estimate of the 2020 generation mix provided by Statnett. Only provision of rotational energy without generation is remunerated, and the market is assumed to be cleared after the Elspot market.
The rotational energy price is set so that it provides the required yearly income to cover the investment cost. It is calculated under the assumption that the power station operates as a SC in every time period the rotational energy market is Table II is shown  in Table III , along with other market parameters. Start-up costs are included in the price, assuming start-up of SC operation in every period. Fig. 2 shows the rotational energy prices plotted against expected Elspot and FCR-N prices. is open. Run 2 has a higher income from sales of capacity, mainly caused by participation in the FCR-N market in the time steps where run 1 participates in the rotational energy market. FCR-N Fig. 3 shows the average values of Elspot, FCR-N and rotational energy market participation during weeks 30 to 32. As sales of both capacity and rotational energy tend to either be at their maximum value or zero, the values provide information about the frequency of scenarios where market participation occurs. In run 1, SC mode of operation occurs in every time step the rotational energy market is open. The gain from participating in the rotational energy market is higher than that of combined Elspot and FCR-N market participation. In run 2, the optimal strategy for Elspot and FCR-N market participation is followed. The figure shows that the Elspot and FCR-N markets are frequently participated in during the first time step of a day. These time steps have high FCR-N prices and lower Elspot prices, so the generation is at minimum in most scenarios to allow sales of capacity. There are no sales of energy or capacity in the last time step due to low Elspot prices, allowing participation in the rotational energy market.
The difference in production due to rotational energy market participation between the runs is small compared to the total production and has a negligible effect on the overall reservoir strategy. This is mainly due to the short time period the rotational energy market is open and that the rotational energy market is open during time steps and stages with low Elspot prices. For the given case study considering the year 2020, IV. RESULTS The model was run once with perfect rotational energy speculation (run 1) and once without speculation (run 2). Every model run was executed with 50 forward sampled scenarios, 9 backward inflow samples and 15 iterations. Table V shows the average income from the various markets. Run 1 has a slightly higher income from sales of energy, but also has less stored water in the reservoirs at the end of the simulation period. Due to perfect speculation, run 1 has a higher income from the rotational energy market. The contribution from rotational energy provision is substantial, considering the number of hours the rotational energy market :?'500~W\NIMARotationalener V. CONCLUSION rotational energy market participation has a small effect on medium term hydropower scheduling and it would therefore be interesting to study in short-term models. Table VI shows costs and income associated with SC operation. The values are averaged from the two years of the simulation period. In run 1, the profit is higher than the required yearly income to cover the investment cost. This is an expected result, as SC operation occurs in every time step the market is open. Because the price was set including start-up costs, transitioning from production to SC operation causes a higher income than required. In run 2, the profit is reduced by 17.7 %, due to the reduced market participation and the required yearly income to cover the investment cost is not met. An increase of the rotational energy prices by approximately 22 % is needed to provide investment incentives.
Ideally, the rotational energy price would be at a level where it would not interfere with the optimal generation and capacity allocation strategy. This may be obtained by adjusting the income from sales of capacity and energy for the water value and it is found that a price of 1.02 and 0 NOKIMWs!h in the first and last time step of each day of week 31 respectively should mitigate interference in over 90 % of the time steps and scenarios. A price of 0 NOKIMWs!h indicates that sales of energy and capacity isn't profitable in that time step, and interference won't occur. A price below 1.02 NOKIMWs!h in the first time step and a high price in the last time step would provide a strategy which causes little interference, while covering the investment cost.
Should the rotational energy market be governed by the supply and demand of hydropower producers and the TSO, the price would likely be close to the marginal cost of rotational energy provision. A higher price would not lead to an increased amount of rotational energy, but rather cause hydropower producers to switch from generation to SC mode operation. To ensure investment in SC mode of operation of hydropower plants, the market should either have a fixed premium which covers the investment cost, or investment support should be offered. Medium-term hydropower scheduling considering partICIpation in a hypothetical rotational energy market has been studied. The results showed promising income potential from rotational energy provision compared to a day-ahead and capacity market. It was found that the provision of rotational energy had small effects on medium-term hydropower scheduling. The yearly income did not cover the investment cost when speculation was removed. This indicates that the price should have been higher, to provide investment incentives. A higher price would however also provide stronger speculation incentives. It was found that a low rotational energy price in the first time step of a day, and a high price in the last time step is likely to provide an optimal operation strategy without rotational energy and generation interference, which will cover the investment cost.
Further work should be put into analyzing the trade-off between speculation and investment incentives, from a socioeconomic viewpoint. The operational costs should also be studied, to calculate the marginal cost of rotational energy provision. A short-term model should be applied to further study the effects of rotational energy provision on hydropower scheduling.
